Introduction
We report on a precision measurement of the leptonic effective weak mixing angle (sin 2 θ lept ef f ) using the forward-backward asymmetry, A F B , in Drell-Yan (ee and µµ) events in pp collisions at √ s = 8 TeV at the CMS [1] experiment at the Large Hadron Collider (LHC). The results are compared to other hadron collider measurements published by ATLAS [2] , LHCb [3] , CDF [4] , D0 [5] and Tevatron [6] combination.
In leading order dilepton pairs are produced through the annihilation of a quark and antiquark to dileptons via the exchange of a Z boson or a virtual photon The definition of A F B is based on the angle θ * of the lepton ( − ) in the Collins-Soper frame in the center of mass of the dilepton system:
where σ F and σ B are the cross sections in the forward (cos θ * > 0) and backward (cos θ * < 0) hemispheres, respectively. In this frame the θ * is the angle of the − direction with respect to the axis that bisects the angle between the direction of the quark and opposite direction of the anti-quark. In pp collisions the direction of the quark is assumed to be in the boost direction of the dilepton pair. In terms of laboratory-frame energies and momenta cos θ * is equal to cos θ * = 2(p
where M , P T , and P z are the mass, transverse momentum, and longitudinal momentum, respectively, of the dilepton system, and p 1 (p 2 ) are defined in terms of the energy, e 1 (e 2 ), and longitudinal momentum, p z,1 (p z,2 ), of the negatively (positively) charged lepton as p
in dilepton events originates from the vector and axial-vector couplings of electroweak bosons to fermions.
The most precise previous measurements of sin 2 θ lept ef f are reported by LEP and SLD experiments. However, the two most precise measurements differ by more than 3 standard deviations.
The ATLAS [2] results (based on 5 fb −1 at 7 TeV), and the LHCb [3] results (based on 3 fb −1 at 7 and 8 TeV) are published. Measurements of sin 2 θ lept ef f by CDF [4] , D0 [5] and Tevatron combination [6] are also published. Here, we focus on the most recent results from the CMS collaboration CMS [1] . The CMS results (based on 20 fb −1 at 8 TeV) have been recently accepted for publication in the European Physics Journal C in 2018.
In the CMS analysis sin 2 θ lept ef f is measured by fitting the mass and rapidity dependence of the observed A F B in dilepton (e + e − and µ + µ − ) events. Statistical and systematic errors are reduced by using three new analysis techniques: (1) angular event weighting [7] , (2) precise muon and electron energy calibration] [8] and (3) constraining PDF errors using the A F B dilepton samples (Bayesian χ 2 reweighting of PDF replicas) [9] .
2
Angular event weighted A F B at CMS
In the Collins-Soper frame the angular distribution of dilepton events has a (1+cos 2 θ * ) term that originates from the spin 1 of the exchanged boson, a cos θ * term from vectoraxial interference and a (1 − 3 cos 2 θ * ) term from the transverse momentum of the interacting partons. The angular coefficients A 0 and A 4 are functions of dilepton mass (M ,), transverse momentum (P T ) and rapidity(y) of the dilepton pair,
In this analysis, the A F B values in each dilepton rapidity and mass bin are calculated using the "angular event-weighting" method, described in detail in Ref. [7] . The technique is equivalent to measuring A 4 in bins of | cos 2 θ * |, and extracting A F B from the average A 4 for each dilepton mass bin.
The "angular event-weighted" A F B is the same as the full phase-space A F B , while the simple fiducial restricted A F B (A We extract sin 2 θ lept ef f by minimizing the χ 2 value between the data and template A F B distributions in 72 dilepton mass and rapidity bins. The default signal templates are generated with the powheg event generator using the NNPDF3.0 set. powheg is interfaced with pythia8 with CUETP8M1 underlying event tune for parton showering and hadronization, including electromagnetic FSR. The template variations for different values of sin 2 θ lept ef f , renormalization and factorization scales, and PDFs are modeled using the powheg MC generator that provides matrix-element based event-by-event weights for each variation. To propagate these variations to the fullsimulation-based templates, each event of the full-simulation sample is weighted by the ratio of cos θ * distributions obtained with modified and default sin 2 θ lept ef f configuration in each dilepton mass and rapidity bin. A comparison between the data and best-fit sin 2 θ lept ef f template distributions is shown in Fig. 1 . Table 1 summarizes the statistical uncertainty in the extracted sin 2 θ lept ef f in the muon and electron channels and their combination. The systematic and theory modeling uncertainties are summarized in Table 2 . A detailed discussion of the experimental systematic and theory modeling uncertainties are given in Ref. [1] . 4 Constraining PDFs with A F B data and Bayesian χ 2
PDF reweighting at CMS
The observed A F B values depend on the size of the dilution effect, as well as on the relative contributions from u and d valence quarks to the total dilepton production cross section. Therefore, the PDF uncertainties translate into sizable variations in the observed A F B values. However, changes in PDFs affect the A F B (M , Y ) distribution in a different way from changes in sin 2 θ lept ef f . Changes in PDFs result in changes in A F B in regions where the absolute values of A F B is large, i.e. at high and low dilepton masses. In contrast, the effect of changes in sin 2 θ lept ef f are largest near the Z-peak and are significantly smaller at high and low masses. Because of this behavior. we can apply the Bayesian χ 2 reweighting method to 100 NNPDF3.0 PDF replicas to constrain the PDFs [9, 10, 11] and reduce the PDF errors in the extracted value of sin 2 θ lept ef f . Fig. 2 shows the distribution of the χ 2 min vs best-fit sin 2 θ lept ef f value for the 100 NNPDF3.0 replicas for the ee, µµ samples and combined ee+µµ samples. In these plots, all sources of the statistical and experimental systematic uncertainties are included into the 72 × 72 covariance matrices for both data and template A F B distributions. As illustrated in these figures, the extreme PDF replicas from either side are disfavored by both the dimuon and dielectron data. For each of the NNPDF replica, the electron and muon results are combined using their respective best-fit χ 2 values, sin 2 θ lept ef f and statistical and experimental systematic uncertainties. The extracted sin 2 θ lept ef f in the electron and muon decay channels and their combination with and without constraining the PDF uncertainties are shown in Table 3 .
], the PDF uncertainties are reduced by about a factor of 2. It should be noted that the Bayesian χ 2 reweighting technique works well if the PDF replicas span the optimal value on both sides. Additionally, the effective number of replicas after χ 2 reweighting,
, should also be large enough to give reasonable estimate of the average and the standard deviation. The number of effective replicas after the χ 2 reweighting is n ef f = 41. As a cross check we also perform the analysis with the corresponding 1000-replica NNPDF set in the dimuon channel and find good agreement between the two results.
Summary
We report on the extraction Bayesian χ 2 reweighting), the statistical and systematic uncertainties are reduced by a factor of two compared to previous measurements at the LHC [2, 3] . The combined result from the dielectron and dimuon channels is: and their combination with previous LEP/SLC, LHC [2, 3] and Tevatron [4, 5, 6] measurements are shown in Figure 3 . The shaded band corresponds to the combination of the LEP and SLC measurements. The results are consistent with the most precise LEP and SLD measurements.
Preliminary results presented by ATLAS at ICHEP 2018
The above represents the status of measurements as presented at the time of the CIPANP conference in May 2018. More recent preliminary results were presented by ATLAS [12] at ICHEP in July of 2018. The new ATLAS results are based on 8 TeV data, and include results from the forward electromagnetic detector. The ATLAS results incorporate constraining PDFs by constraining Hessian PDF nuisance parameters from the mass and rapidity dependence of A F B . Constraining Hessian PDF nuisance parameters is equivalent [1] to constraining PDF by re-weighting Bayssian PDF replicas. The ATLAS ICHEP 2018 preliminary results are: 
